Abstract-The random time delay brings great challenges to the controller design for the Internet-based teleoperation system, the worst case is that it can destabilize the Internet-based teleoperation system. This paper first gives a brief historical preview of bilateral passive control theory, and then a direct passive scattering transform method, extending the passive bilateral control method to the Internet-based random time delay teleoperation system, is advanced to guarantee the teleoperation system's stability with any non-symmetric random network time delay. Finally, a virtual master-slave manipulator bilateral control scheme is designed for mobile robot teleoperation based on the passive scattering transformation method, and simulations are carried out to verify the results at the end of this paper.
I. INTRODUCTION
The Internet-based teleoperation's master side and the salve side are connected by the Internet. Human operator can manipulate and sense objects remotely by the Internet-based teleoperation system. According to the feedback information, teleopearion can be divided as unilateral teleopearion and bilateral teleopearion [1] . In the former, the contact force isn't fed back to the master. While in the latter, the contact force is fed back to master, usually maybe also include other information such as audio, visual displays, or tactile through the feedback loop to the master side. The contact force feedback can provide a better sense of telepresence and can improve the task performance [1, 2] , however this contact force feedback also cause the instability problems in the random time delay Internet-based teleoperation.
Presently most research results focus on the bilateral teleoperation and it has many structures such as two-channel (2CH) architecture [3] , four-channel (4CH) architecture [4, 5] and three-channel (3CH) architecture. In the 2CH structure usually the master position is sent to the slave controller, and the contact force of the slave robot with the environment is directly transmitted to the master. For ensuring a close coupling between the master and slave, it's not only to guarantee that the slave robot must track the master robot's position and velocity, but also to guarantee that the master feel the same force to the force of slave robot with the environment. When all the conditions are met, the bilateral teleoperation is called a transparent system. It can provide the human operator with a sense of immersive feeling, called telepresence.
Ferrell [6, 7] firstly researched the time delay teleopration. He pointed out that how to calculate the task completion time, and also pointed out that time delay teleoperation task can perform accurately by work-and-wait strategy. However the work-and-wait strategy makes the teleoperation system run in an open loop state and the task completion time will increase with the time delay increase, so the operation efficiency will be decrease. In 1993, Lawrence [4] pointed out that the stability and transparency are conflicted, namely, to improve one must reduce another performance. The time delay not only affects the transparency but also affects the stability of the closed-loop system. On the teleoperation system stability theoretical aspect, the main results focus on passive and scattering theory, and wave variables theory. They are all to convert the time-delay data transmission channel into a passive system, which can guarantee the whole teleoperation system with any fixed time delay is passive, but not for random time delay and the transparency of the system become worse.
Since 1990s, as the emergence and rapid development of internet-based teleoperation, random time delay and data packet loss or disorder and so on have brought new problems and challenges to teleoperation [8, 9] . In order to compensate the random time delay for the Internet-based teleoperation, the researchers proposed many method such as a regression model, linear and nonlinear time series analysis, and multivariate sparse regression methods [10] [11] [12] . Lozano has researched the control methods of the bilateral with variable time delay [13] . Forouzantabara [1, 14] given an stability analysis method by using the wave variable method and the Fourier transform method for the asymmetric fixed delay teleoperation. In order to improve the teleoperation system's performance, Yongqiang Ye [15] advances a prediction control method. Based on the scattering theory, Chopra and Spong used additional position information to improve the teleoperation system's position tracking and force tracking performance. Lee and Spong [16] introduced a PD controller to improve system performance, and they also proved that bilateral teleoperation with two-way asymmetric fixed bounded time delay is stable by using the integral transform Lyapunoiv like funciton method. Forouzantabar [1, 14] extended the method of Lee [17, 18] used the Smith predictor approach to reduce effect of the time delay. Natori [19] proposed a time delay compensation algorithm which does not depend on the reference model. In 2010, Yu Kang [20] showed a stable random time-varying bilateral teleoperation by linear matrix inequalities. In 2012, Jia YunYi [21] designed a event-based multi-robot control system and showed that the event-based control method can overcome the effcet of the Internet random time delay.
As what mentioned above, the early teleoperation's stability research results are aimed at the fixed delay and mainly use time delay compensation strategy to improve teleoperation performance. Some researchers also studied the time varying delay [13] , random time varying delay [20] and stochastic time varying delay non-time teleoperation systems [21] , however passive theory of random delay bilateral teleoperation is lack of the research attention, so this paper first give a brief review of the passive theory, and then advance a direct passive scattering transform method. This method can be considered to be a generalized form of passive theory and wave variable bilateral control. Then using this method design a stable virtual master-slave Internet-based bilateral mobile robot teleoperation, at the last a simulation is carried out to verify the method proposed in this paper.
Specific sections of this paper are organized as the following. First a brief introduction of the background and significance of this paper is present in then section I, and in the next section II a short preview of passive theory will be shown. In section III, the author proposes a brand new direct passive scattering transform method. In section IV, an Internet-based virtual masterr and slave mobile robot teleoperation is designed by using the direct passive scattering transform method, and some simulations are carried out in this section. The last section V is the conclusion section.
II. PASSIVE THEORY
In 1989, Anderson and M.Spong [22] modeled the teleoperation robot as two-ports shown in Fig. 1 The dynamics of the master and slave can be written as equation (1) 
In equation (1) (2) .
In order to make the slave to track the master output, at the slave side a local PI controller is used:
where I K and p K are the PI controller's parameters. By the cascading property of the two-ports, the system can be model by the mixed matrix model: 11 12
Where ij h is the function of the master, slave and controller's parameters. ( ) H s is a linear operator. The passive is equivalent to require that ( ) H s is a positive real function.
Define the dot product of input vector U and output vector y as an input power for a system, denoted in P , which is equal to the system stored energy changes and system power consumption: / T in s d P U y dE dt P (4) Here the power definition is not necessarily a actual physical variable, it's just need the match between input and output. Integrate both sides of equation (5) to get: 
Proof [23] By equation (4) x t , which starts at t = 0 with x 0, , if integrating the latter part of equation (7) can get:
the system (6) is stable, when 0 d P system (6) is asymptotically stable.
By equation (5) 
is a bounded operator, the norm of T is defined by:
For teleoperation system(3), we can get the scattering operator matrix: 
According to this theorem, after a shortly calculated , we can get that the scattering scattering matrix norm for direct transmission force and speed variables teleoperation is infinite, so is non passive. In the next section we will give a direct passive scattering transform method.
III. DIRECT PASSIVE SCATTERING TRANSFORM METHOD
Both passive theory and wave transform methods have a common feature: they all use transform methods to ensure the passivity, which can ensure the stability of the entire system. Therefore, we can get an intuitive idea that we can directly transform the random time delay Internet transmission channel into the scattering operator, which can be written as (13) . We can use passive components to transform the variable sending and receiving at the master side into the following form: ( F F v v . If the transformation is reversible, then we will be able to get the final explicit control inputs. Although, any passive transformation can guarantee the stability of the teleoperation system, it's convenient to design the Internet-based teleoperation, howerver, according to definition of transparency in teleoperation system, it requires that the master side and the slave side have similar behave, so the force and velocity of master and slave transformation should keep the same. What form of transformation should be rational will be discussed in the following.
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It's obviously that translation transform is one of rational transformation form, but due to the symmetry structure of the equation (14), the effect of this transformation will eliminate, so this kind of transformation will not be considered in this paper. When we use lossless transformer transform combined with passive components such as resistance, it's always to get the following transform form:
Where a and b are the transformation coefficient. According to the equation (16) and equation (17), The final control input can be shown as the following equation (18):
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From equation (18), we can seen that direct passive scattering transformation is a universal transformation method, and the form of the control input is a general form so it contains the control form from passive theory and wave variable method.
IV. INTERNET MOBILE TELEOPERATION BASED ON THE
VIRTUAL MASTER-SLAVE MANIPULATOR A. Overall Control Scheme Through the Internet-based mobile robot teleoperation system, human operator can control the remote mobile robot, however the Internet random time delay makes the Internet-based mobile robot teleoperation system's stability and transparency worsen. In this paper, an virtual master-slave manipulator Internet-based mobile robot operating platform is designed by employing the direct passive scattering transformation method. It's not only save the product cost, more importantly, the previous research achievements can also be absorbed and the control input can also be freely optimized in design process. Because there are two speeds, forward speed v and turning speed , therefore there will be two degrees of freedom for control input to move the robot. So in this paper we use two sets of independent virtual master-slave manipulator to implement forward speed v and turning speed . The control diagram is as follows in The master side consists of six-dimension feedback handle. Handle 1 and Handle 2 are mapped to the turning speed , and the slave operation forces are feedback to human operator by handles. Handle 3 is mapped to forward speed v , at the meanwhile forward speed operation force are feedback to the operator. So this operation device can not only used to generate the teleoperation command, but also used as an operating force perception device. As a matter of fact, the operating platform is a typical bilateral force feedback operating system and the system diagram is shown in Fig.3 . This Fig.3 The following will show the simulation results of the system described in Fig.2 and Fig.3 , in which the control inputs are used from section III, and the simulink program is implement by Matlab/simulink. In order to test the stability of method, the following table 1 is a typical simulation combination. Since the two degrees of freedom use the same master-slave manipulator parameters and same control law, so only one degree of freedom simulation result will be given out. The last simulation is combination (4) 
1) Fixed asymmetric delay (1) (2) (3)
The time delay in simulation (1) is relatively long and asymmetryic. The operation command is the unit step singal. Apparently the force and velocity can kept pace with each other ranging from Fig.4 to Fig.9 . Although force responds a little badly to track, but it have a good steady tracking performance. From those figures we can also see that when the feedback channel's time delay is becoming shorter, the tracking performance that the slave side follows the master is improved. The simulation results show that the direct transmitting transform method can make the long time delay bilateral teleoperation system stable. In this simulation (4), the random time delay in forward channel and feedback channel have the same probability distribution, but they are from the independent probability distribution. This setting can better simulates the Internet random time delay. The simulation results tells us this direct transmitting transform control method is a stable control design method, and the variation of force is sensitive to the time delay, easy to produce dithering phenomenon. The velocity can achieve a nice tracking performance. Fig.11 shows the desired output and actual output from the mobile robot. Also from Fig.11 , except little time delay, good tracking performance is got, therefore, this design in this paper is feasible. Firstly, this paper presents the literature review on passive theory of the bilateral teleoperation, then put forwards the direct transmitting transform method( construction method) based on scattering operator. This method not only can assure the stability of Internet-based teleoperation, but also can make passive theory and wave variable method control inputs into the same framework, which means passive theory and wave variable method control inputs are the special form of the direct transmitting transform method. In addition, with the transmitting transform method, a bilateral Internet mobile robot control scheme are designed, which realize Internet mobile robot's two-degree freedom control through two sets of independent master-slave manipulator. At the end of this paper, some simulations are carried out and the simulation result shows that the direct transmitting transform method can ensure the stability of the teleoperation system and can realize a good tracking of the Internet mobile robot. 
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